Room temperature electromechanical and magnetic investigations of ferroelectric Aurivillius phase Bi 5 15 thin films on Pt/Ti/SiO 2 -Si and SiO 2 -Si(100) substrates were achieved with a higher degree of a-axis orientation compared with the films on SrTiO 3 (100) and NdGaO 3 (001) substrates. Room temperature electromechanical and magnetic properties of the thin films were investigated in order to assess the potential of these materials for piezoelectric, ferroelectric, and multiferroic applications. Vertical piezoresponse force microscopy measurements of the films demonstrate that Bi 5 Due to toxicological and environmental concerns, there is an increasing need for lead-free materials for use as piezoelectric actuators, sensors, and transducers, especially for use at elevated temperatures in applications, such as internal combustion engines.
1 Bismuth layer-structured ferroelectric materials in the Aurivillius phase 2 have received increasing interest as lead free piezoelectric materials with high ferroelectric Curie temperatures (T c generally over 500 C). 3, 4 Because of their fatigue-free nature, Aurivillius phase materials have also been given significant attention for their potential use in ferroelectric random-access memory (FeRAM), 5, 6 which combines the speed of dynamic access memory (DRAM) with the non-volatility and lower power requirements of hard disk and flash memory. [5] [6] [7] [8] [9] These materials are naturally 2D nanostructured in nature, consisting of (Bi 2 O 2 ) 2þ layers alternating with nABO 3 perovskite units, in blocks $1-2 nm thick, described by the general formula Bi 2 O 2 (A nÀ1 B n O 3nþ1 ). The layered nature of these materials also allows for the incorporation of magnetic ions with þ3 to þ5 oxidation states 10 in the B sites of the perovskite units, potentially allowing cations that drive both ferroelectricity (unoccupied d orbitals) and ferromagnetism (partially filled d orbitals) to occupy adjacent perovskite units. In this way, the normally conflicting electronic structure requirements 11 for single phase multiferroics could potentially be accommodated. BiFeO 3 has been shown to exhibit coupled ferroelectric and antiferromagnetic ordering at ambient temperatures. 12 However because this compound is antiferromagnetic, it cannot be switched by a magnetic field. The synthesis of novel room temperature single phase magnetoelectric multiferroic materials is particularly appealing, not only because they have properties of both parent compounds but also because magnetoelectric coupling interactions, either directly between the electric and magnetic order parameters or indirectly via strain, can lead to additional functionalities and could potentially lead to a new generation of magnetoelectric a)
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V C 2012 American Institute of Physics 112, 024101-1 memory devices that can be electrically written and magnetically read. 13, 14 This potential to electrically control magnetism means that single-phase magnetoelectric multiferroic materials are of considerable interest for potential applications in spin based memory/logic devices. 15 BiFeO 3 (anti-ferromagnetic when in the pure perovskite form) 16 can be inserted into the normally three-layered Aurivillius phase Bi 4 Ti 3 O 12 . This increases the number of perovskite layers, m, to form compounds such as the four-layered structure, Bi 5 Ti 3 FeO 15 (BTFO). 17 On increasing the number of perovskite layers (m), the microstructural, ferroelectric, magnetic, and other physical properties of the Aurivillius phase materials can be altered significantly. 18 In fact, the coexistence of ferroelectric and weak ferromagnetic properties at room temperature has been reported for the fourlayered Bi 5 Piezoresponse force microscopy (PFM) has been highly effective in the identification of these thin films as novel piezoelectric materials. 24 However, given the coexistence of pyrochlore phase Bi 2 Ti 2 O 7 in some of the films analyzed, it is expected that single-phase films would have enhanced piezoelectric properties. As yet, the magnetic properties of BTF7M3O thin films have not been reported.
In this study, we report an optimised chemical solution deposition method for the preparation of Bi 2 Ti 2 O 7 pyrochlore-free BTFO and BTF7M3O thin films and investigate the effect of substrate (Pt/Ti/SiO 2 -Si, SiO 2 -Si(100), SrTiO 3 (100), and NdGaO 3 (001)) on thin film crystallinity, phase purity, and morphology. The potential room temperature ferroelectric and multiferroic properties of Bi 2 Ti 2 O 7 pyrochlore-free BTFO and BTF7M3O thin films on Pt/Ti/ SiO 2 -Si, SiO 2 -Si(100), SrTiO 3 (100) (STO), and NdGaO 3 (001) (NGO) substrates have been investigated by vertical PFM, switching spectroscopy PFM (SS-PFM), ferroelectric lithography, and SQUID (superconducting quantum interference device) magnetometry.
II. EXPERIMENTAL
Sols of BTFO and BTF7M3O were prepared by dissolving the required amounts of Bi(NO 3 3 (manganese(III) acetylacetonate) as required were dissolved separately in acetylacteone (see Fig. 1 ). When complete dissolution was achieved, this solution was slowly dropped into the Bi 3þ /Ti 4þ solution under constant stirring to prepare 0.7 mol dm À3 sols of BTFO and BTF7M3O. The amount of excess bismuth added to the sols during preparation ranged from 0 to 35%.
BTFO and BTF7M3O thin films were spin coated on Pt/ Ti/SiO 2 /Si, SiO 2 -Si (Si(100) with native oxide), STO, and NGO substrates by a commercial spinner operating at 4500 rpm for 30 s (spin coater KW-4A, Chemat Technology) yielding films of thicknesses of $100 nm for each spincoated layer deposited, as observed in cross-section SEM measurements. Excess solvents and residual organics were removed from the films by baking on a calibrated hot plate at 300 6 5.0 C for approximately 10 min. The films were crystallised by annealing in ambient air at 800 C (BTF7M3O) or 850 C (BTFO) for 1 h in a conventional furnace. X-ray diffraction (XRD) profiles were recorded at room temperature using a Phillips Xpert PW3719 MPD diffractometer, equipped with a Cu-Ka radiation source (40 kV and 35 mA) and a nickel filter on the incident beam over the range 5 2h 37.5 . Topography was examined using high resolution scanning electron microscopy (HRSEM) and atomic force microscopy (AFM). SEM images and energy dispersive x-ray (EDX) analysis spectra were obtained using a FEI Nova 630 High Resolution Scanning Electron Microscope. A commercial atomic force microscope (MFP-3D, Asylum Research) in ac (alternating current) mode (intermittent contact mode) was used for topography mapping of the films. Olympus AC240TS/AC160TS silicon cantilevers (Al reflex coated, $70/300 kHz resonant frequency, respectively) were used for imaging.
Electromechanical responses of the films were measured by PFM using the AFM in contact mode equipped with a HVA220 Amplifier for PFM. Out-of-plane electromechanical responses of the films were investigated by the Dual AC Resonance Tracking Piezoresponse Force Microscopy (DART-PFM) 25 mode. Vertical DART-PFM hysteresis loop measurements were obtained by SS-PFM (Refs. 26-28) using a triangle step waveform (comprised pulse dc (direct current) bias voltage (16.5 V) and an ac signal (5.5 V)). The waveform was cycled twice at a frequency of 0.4 Hz with 48 ac steps per waveform. Olympus AC240TM electrilevers, Ti/Pt coated silicon cantilevers (Al reflex coated, 70 kHz resonant frequency, $320 kHz contact resonance frequency) were used for PFM imaging and the inverse optical lever sensitivity (InvOLS) of the cantilevers was calibrated according to the MFP-3D Procedural Operation "Manualette." Ferroelectric lithography was performed using the PFM lithography mode by converting an imported greyscale image into a bias map.
Room temperature magnetic measurements of the thin films were carried out using a Quantum Design SQUID magnetometer (Quantum Design USA; Model-MPMS XL5) over an applied magnetic field range of 65000 Oe. The film weight was estimated from sample area and film thickness measurements (determined from HRSEM measurements), combined with the x-ray density to be 1.29 Â 10 À5 g.
III. RESULTS AND DISCUSSION
A. Studies on effect of excess bismuth on BTFO thin film crystallinity
Previous work reported 24 the crystallization of BTFO thin films on Pt/Ti/SiO 2 -Si substrates at annealing temperatures of 850 C. With 5% excess bismuth, however, the presence of impurity pyrochlore phase Bi 2 Ti 2 O 7 is evident, as indicated by the presence of the (222) and (444) reflections. 24 Studies on the addition of between 0 and 35% excess bismuth to the BTFO sols demonstrate that the addition of at least 5% excess bismuth improves BTFO phase crystallinity and decreases the formation of Bi 2 Ti 2 O 7 pyrochlore phase (Joint Committee for Powder Diffraction Standard (JCPDS) No. 32-0118) in BTFO films on Si(100) (Fig. 2(a) ) and Pt/Ti/ SiO 2 -Si (Fig. 2(b) ) substrates. Optimum crystallinity and pyrochlore phase suppression is achieved by the addition of between 15 and 25 mol. % excess bismuth. Addition of further bismuth excess leads to the formation of secondary phase peaks, including peaks which match to the reflections of the impurity phases Bi 2 SiO 5 (JCPDS No. 75-1483) and Bi 4 SiO 3 (JCPDS No. 88-0243). It is likely that at the processing conditions used for crystallizing the main phase (850 C) and having an excess of Bi in the film, a reaction between Bi 2 O 3 and SiO 2 occurs at the interface between the film and substrate to form the observed bismuth-silicate phases 29-32 on cooling. SEM images reveal grain structures crystallised in platelike morphologies, which is characteristic of the layered Aurivillius-type structures (Fig. 3) . Due to the layered nature of the grains, cross-sectional SEM images (Fig. 3(b) ) reveal varying thicknesses across the course of the films, with average thickness of $100 nm. AFM images are complementary to the XRD data, where grain size increases and the characteristic Aurivillius-type layer structures are revealed for 0 to 15% excess bismuth addition (Fig. 4) . With further bismuth excess, however, both smaller and larger secondary phase structures are evident, in addition to the Aurivillius phase plate-like structures.
Based on this study of the optimisation of BTFO on Pt/ Ti/SiO 2 -Si and Si(100) substrates, 17.5 mol. % excess bismuth (>15% but <25% excess bismuth) was used to prepare thin films of BTFO on SrTiO 3 (100) and NdGaO 3 (001) substrates and BTF7M3O thin films on Pt/Ti/SiO 2 -Si, SiO 2 -Si(100), SrTiO 3 (100), and NdGaO 3 (001) substrates.
B. Studies on effect of substrate on BTFO and BTF7M3O thin film crystallinity
Investigations on the growth of BTFO (Fig. 5) and BTF7M3O (Fig. 6 ) thin films on Pt/Ti/SiO 2 -Si, SiO 2 -Si(100), NdGaO 3 (001), and SrTiO 3 (100) substrates demonstrate that films of the m ¼ 4 Aurivillius phase (JCPDS No. 38-1257), free from Bi 2 Ti 2 O 7 pyrochlore phase, were obtained at annealing temperatures of 850 and 800 C, respectively. This demonstrates that 17.5 mol. % excess bismuth is sufficient for suppressing pyrochlore phases in the films on the substrates studied. EDX analysis spectra confirmed that manganese was successfully inserted into the Aurivillius structures of BTF7M3O. The relative intensities of the (00l) reflections are greater on SrTiO 3 (100) and NdGaO 3 (001) substrates than on the Pt/Ti/SiO 2 /Si and SiO 2 -Si(100) substrates. In general, the full-width at half maximum (FWHM) values of the (00l) reflections decrease in the order SiO 2 /Si or Pt/Ti/SiO 2 -Si > NdGaO 3 (001) > SrTiO 3 (100). The relative intensities of the (200) reflections for the BTFO and BTF7M3O thin films are highest on the SiO 2 -Si(100) substrates. The intensity ratio between a (h00) and a (00l) peak is a measure of the content of the phase with a-axis orientation. Using the data in Fig. 5 , ratios of the (200) Layered grains of different orientations overlapping one another can also be seen in the AFM images of the BTF7M3O films (Fig. 7) . AFM images are complimentary to the x-ray diffraction data (Fig. 6) , where it can be seen that BTF7M3O grain size increases in the order SiO 2 -Si < Pt < NGO < STO films.
C. Ferroelectric investigations using vertical DART-PFM switching spectroscopy-PFM
Previous single frequency PFM investigations 35 demonstrate that the films are piezoelectric at room temperature with the major polarization vector in the lateral plane of the films, as is characteristic 34 for Aurivillius phase materials. Vertical PFM measurements were carried out using the DART-PFM mode. This technique uses the cantilever resonance frequency to boost the piezo signal in the vertical direction, while reducing crosstalk between changes in the sample-tip contact stiffness and the PFM signal by tracking the resonance frequency based on amplitude detection feedback. 25 The amplitude is measured at one drive frequency below the resonance frequency and another above it. The error signal allows changes in the resonance frequency to be tracked, thereby reducing the effects of cross-talk between PFM signal and changes in the sample-tip contact stiffness. Representative images of the vertical electromechanical nature of the films investigated by the DART-PFM technique are shown in Fig. 8 . Since DART mode uses the contact resonance to amplify the piezo-response signal, the piezoresponse measured will be larger than the unamplified piezoresponse. However, since the gain on this amplification is likely to change over the surface, extraction of absolute values piezo-response from these images was not conducted. Vertical PFM response appears to arise from a-axis oriented grains (Figs. 5 and 6 ). These grains have their crystallographic a-axis tilted out-of-plane and are therefore accessible to probing by vertical PFM. No significant vertical PFM response was observed for BTFO thin films on SrTiO 3 , which are preferentially c-axis oriented.
PFM switching spectroscopy can locally generate hysteresis loops and thereby provide information on local ferroelectric switching behaviour. During acquisition of a hysteresis loop, the conducting PFM tip is fixed at a given location on the sample surface and a triangle-step bias waveform (comprised pulse dc bias voltage and an ac signal) is applied. [26] [27] [28] Vertical DART-PFM switching spectroscopy hysteresis loops were generated at room temperature in the presence and absence of an applied dc bias at different points across the BTFO and BTF7M3O thin films. Flat, c-axis oriented grains did not display hysteresis, while tilted (a/b-axis oriented) grains demonstrated 180 ferroelectric switching behaviour. Local ferroelectric switching was demonstrated for both sets of films, with the exception of BTFO thin films on SrTiO 3 . Local remanent DART-PFM hysteresis loops for BTFO and BTF7M3O thin films on Pt/Ti/SiO 2 -Si substrates, clearly demonstrating ferroelectric switching, are shown in Fig. 9 .
D. Ferroelectric lithography investigations
When an applied dc field from the PFM probe is greater than the ferroelectric coercive field of a thin film sample, it can induce ferroelectric polarization reversal. The PFM lithography mode uses this technique to vertically "write" single domains, domain arrays, and complex patterns without changing the surface topography. The "read" operation involves PFM detection of written domains. X-ray diffraction patterns demonstrated that the degree of a-axis orientation of the BTF7M3O thin films on SiO 2 -Si was higher than that of the other films investigated; therefore, this sample was the most suitable candidate to probe vertical polarization reversal along the a-axis, where the major polarization vector of the Aurivillius phase materials lies. Furthermore, this film is single-phase Aurivillius. No impurity phase peaks are noted in this film, which could otherwise decrease the electromechanical response of piezoelectric films. By applying a dc bias of 16.5 V (applied field 165 V/lm) vertically to an area of the BTF7M3O thin films ("write" step), ferroelectric polarization reversal over areas of the film was achieved as detected by the subsequent PFM scan ("read" step), as is demonstrated in Figures 10 and 11 . Tests conducted over an 8 h period demonstrated that the films retain polarization for this finite period of time.
E. Magnetic investigations using SQUID magnetometry
In-plane magnetic measurements of BTFO thin films on SrTiO 3 and BTF7M3O thin films on SrTiO 3 and Pt/Ti/SiO 2 -Si substrates (Aurivillius phase film thickness $100 nm) were carried out at room temperature using a SQUID magnetometer over an applied magnetic field range of 65000 Oe. No net magnetization was observed for the in-plane magnetization (M) vs. applied magnetic field (H) measurements of the BTFO and BTF7M3O thin films down to an upper detection limit of 2.53 Â 10 À3 emu (196 emu/g), which implies both a lack of ferromagnetic behaviour in the Aurivillius phase and the absence of any ferromagnetic phase impurities within the sample, which are difficult to detect at low levels (see supplementary material Fig. S1 (Ref. 38) ). Given the absence of ferro/ferri-magnetic hysteresis, it is concluded that the BTFO and BTF7M3O thin films investigated do not show room temperature multiferroic behaviour. This is at-odds with some results published in the literature 19, 20, 36 which indicate some evidence for weak ferromagnetism in BTFO thin films and bulk ceramics at room temperature, although there is some variance in the reported saturation magnetization (M s ) values (e.g., M s ranges from $0.21 to 3.1 emu/cm 3 for the BTFO thin films). The occurrence of weak ferromagnetic behaviour in these compounds was attributed to local ferromagnetic Fe-O-Fe interactions; therefore, random distribution of the ironoxygen and titanium-oxygen octahedra in the different BTFO compounds investigated may account for the variation in the observed magnetic behaviour. On the other hand, our previous investigations of the Bi 37 demonstrated that the observed ferromagnetic response was accounted for by the presence of trace amounts of second-phase ferromagnetic inclusions (undetected by x-ray diffraction measurements), whereas no magnetic response from the main Aurivillius phase was detectable. The previous reports 19, 20, 36 of ferromagnetic response in BTFO do not discuss the possibility of spinel phases such as iron oxide contributing to the ferromagnetic response observed. Given the absence of ferromagnetic hysteresis in the films studied here, the variance in the previously reported values and since trace amounts of magnetic impurities could lead to the magnetization values obtained, detailed analysis for possible magnetic impurity phases, and analysis of their effects should be performed before denoting 
IV. CONCLUSIONS
Thin films of Aurivillius phase BTFO and BTF7M3O (m ¼ 4), free from the non-ferroelectric Bi 2 Ti 2 O 7 pyrochlore phase, were synthesized on Pt/Ti/SiO 2 -Si, SiO 2 -Si(100), NdGaO 3 (001), and SrTiO 3 (100) substrates by an optimized chemical solution deposition method (using 17.5% excess bismuth). Minor impurity phase peaks were observed for BTFO films on NGO and STO and BTF7M3O films on Pt, NGO, and STO. BTFO and BTF7M3O thin films on Pt/Ti/ SiO 2 -Si and SiO 2 -Si(100) substrates were achieved with a higher degree of a-axis orientation compared with the films on SrTiO 3 (100)/NdGaO 3 (001) and thus most suited for probing piezoelectric/ferroelectric properties along the major polarization axis of the m ¼ 4 Aurivillius phase.
Piezoresponse force microscopy measurements established that the BTFO and BTF7M3O thin films on Pt/Ti/ SiO 2 -Si, SiO 2 -Si(100), SrTiO 3 (100), and NdGaO 3 (001) substrates are piezoelectric and ferroelectric at room temperature with the major polarization vector in the lateral plane of the films. However, the absence of a detectable ferromagnetic hysteresis loop in the SQUID magnetometry measurements indicates that the BTFO and BTF7M3O films are not room temperature multiferroics. Since room temperature ferroelectric switching was observed for the BTFO and BTF7M3O thin films, the Bi mþ1 Fe mÀ3 Ti 3 O 3mþ3 Aurivilllius phase system could act as a perfect precursor for multiferroic thin film materials via B site substitution using alternative magnetic cations. Indeed, the coexistence of ferroelectricity and ferromagnetism above room temperature has recently been reported 21 in the Bi 5 Ti 3 Fe 0.5-Co 0.5 O 15 ceramics.
Along with the potential commercial applications of these novel ferroelectric thin films as lead-free piezoelectrics for adverse environments, the ability of the ferroelectric BTFO and BTF7M3O thin films to exist in and switch between two polarized states and retain polarization for a finite period makes possible their application as the active component of energy efficient FeRAM capacitors. Ferroelectric lithography investigations of BTF7M3O on silicon demonstrate that polarisation information can be stored in the films and recovered by PFM.
